T he United States is the dominant world maize producer, with 37% of world production and 43% of world exports over the last 5 yr (USDA, 2013) . Despite the stature of maize production, US maize breeding has operated as a relatively closed system, resulting in a loss of genetic variation for traits of agronomic importance. Genetic vulnerability of the US maize germplasm base, as a result of decreasing genetic diversity, has been a concern of maize breeders for decades, particularly since the 1970 southern corn leaf blight epidemic (Committee on Genetic Vulnerability of Major Crops, 1972) . Duvick et al. (2004) summarized various studies of the longterm breeding program at DuPont Pioneer and reported that while the percentage contribution of the main founder groups varied by decade, simple-sequence repeat polymorphism data indicated a trend toward a reduction in the average number of alleles per locus. Mikel (2008) also observed a decline in diversity when comparing inbreds in the US Plant Variety Protection Act (PVPA) and US patent databases that were registered from 1996 to 2005 to those registered during the prior 20 yr and noted that 36% of all of the inbreds registered during the entire 30-yr period were direct descendants of B73. Maize germplasm released by NCSU represents a potentially useful resource for increasing maize diversity and performance in the United States. The objectives of this study were to characterize the genetic relationships among inbreds released from this unique breeding program and to compare them genetically with inbreds from other public and private breeding programs. The NCSU maize inbreds can be classified into five germplasm pools: Lancaster, Temperate-adapted all tropical (TAAT), Lancaster  Tropical, Stiff Stalk, and Southern non-Stiff Stalk; detailed analysis of pedigree records and molecular marker genotypes reveals additional substructure within each of these pools. There is general agreement among the four cluster analyses performed, three using single nucleotide polymorphism (SNP) data and one using pedigree-derived coefficients of coancestry. We introduce a novel application of Procrustes analysis to identify disagreements between pedigree and marker similarities. The NCSU maize breeding germplasm includes diverse genetic backgrounds, as evidenced by the number of unique alleles compared with publically available inbreds from both public and off-protection, private-sector sources. Goodman (1998) surveyed private breeding programs in the United States and found an increase in use of exotic germplasm from less than 1% in 1984 to 2.9% in 1996, though the extent of current efforts to introgress tropical germplasm are not publicly known. Approximately 35 private maize breeding companies participate in the Germplasm Enhancement of Maize (GEM) project, a privatepublic collaborative breeding project sponsored by the USDA (Salhuana, 1994; GEM, 2013a) . The program was a follow-up to the Latin American Maize Project, which was financed by DuPont Pioneer and involved the evaluation of over 12,000 accessions from throughout North, Central, and South America (Pollak, 2003; Salhuana et al., 1991) . Through GEM, exotic lines and accessions are crossed with elite proprietary US inbreds, provided by private breeding companies for line development purposes, and so far, over 225 GEM lines of 25 or 50% tropical origin have been released (Abel et al., 2001; Campbell et al., 2007; Carson et al., 2006; Hawk and Weldekidan, 2005; Pratt et al., 2005; GEM, 2013b) .
Genetic Characterization of the
The NCSU maize breeding program is one of the few remaining public maize breeding programs in the United States actively releasing inbred lines, with 150 released in the past 30 yr on the basis of superior performance for topcross yield and other traits of agronomic importance. Breeding efforts in the NCSU maize breeding program have focused on five primary germplasm pools: Lancaster, TAAT, Lancaster  Tropical, Stiff Stalk, and Southern non-Stiff Stalk. Phenotypic and yield trial performance data for all of the NCSU maize lines were provided in release notes; however, before this publication, there has been little genetic characterization of the NCSU maize inbreds aside from a few isolated studies (i.e., Bubeck et al., 1993; Remington et al., 2001; Liu et al., 2003; Jines, 2004 Jines, , 2006 Robertson-Hoyt et al., 2006; Jines et al., 2007; Zwonitzer et al., 2009 ). The NCSU maize breeding germplasm represents a potentially useful resource for maize improvement and genetic diversity, as 86 NCSU inbreds have at least 50% exotic parentage with 40 of those having all-tropical parentage.
Detailed pedigree records are available for all NCSU lines developed from NC250 through NC522 (Nelson, 2008) , from which Malécot's coefficient of coancestry (Malécot, 1948) can be computed. The objectives of this study were to use SNP makers to (i) assess the relationships between NCSU lines and founders, (ii) define genetic groups for the NCSU lines and founders, (iii) determine the level of agreement between pedigree and markerbased genetic distances for the NCSU lines and founders, (iv) monitor transfer of alleles from founders to offspring NCSU lines, and (v) compare allelic diversity present in NCSU lines with that of lines derived from other sources.
MAteriAls And Methods
A total of 156 NCSU maize inbreds were used for genotyping and pedigree analysis (Supplemental Table S1 ). These include all inbreds released from the NCSU maize breeding program since 1980, comprising NC250 through NC522 and Mo44, which was developed and released in cooperation with the University of Missouri. Several inbreds that predate NC250 (e.g., NC244, NC246, and NC248) were also included in the analysis, as these are founders of some modern NCSU lines. Inbreds NC346, NC368, NC480, and NC512 failed in genotyping but are included in pedigree analyses. In addition, 32 founder inbreds (progenitors of NCSU maize inbreds), hybrids, synthetics, or open-pollinated populations (Supplemental Table  S2 ) were included in the pedigree analysis, 20 of which were genotyped. Three additional replicates of B73 and Mo17 (which were included as founders) and five replicates of B73  Mo17 were included as standards in genotyping, scoring, and analysis. Including replicates, 180 samples were genotyped; 170 of these represent unique samples. There were 188 lines and founders included in pedigree analysis including all of the samples that were genotyped (except B73  Mo17). For some analyses, SNP genotype data from Nelson et al. (2008) were used. These include a set of widely used public, temperate inbreds and a set of lines with expired plant variety protection certificates (ex-PVPA).
Pedigree Analysis
Pedigree records for each line were traced back to the original founders, and each step in the crossing, backcrossing, sib-mating, or selfing process was accounted for, comprising 2380 total steps in the development of all 150 NCSU lines. The INBREED procedure in SAS (SAS Institute, 2003) was used to create a coefficient of coancestry ( f AB ) matrix of relationship for all pair-wise combinations of NCSU lines, founders, and intermediary individuals. Where known relationships exist among founders, a priori estimates of f AB were assumed. For B37 and B73, which were derived from cycles one and five of the Iowa Stiff-Stalk Synthetic, respectively, an f AB estimate of 0.176 was used (Bernardo, 1993) . The TROPHY Low Moisture composite was formed by intermating seven double-cross hybrids that originated from 23 unique inbreds, that is, five of the inbreds occur in two of the double-cross pedigrees. A f AB estimate of 0.036 was assigned to each of the 18 inbreds that occur only once across the seven double-cross pedigrees and a f AB estimate of 0.071 was assigned to the five inbreds that occur in two of the seven double-cross pedigrees. Because intermating in the development of the TROPHY Low Moisture composite followed three generations of open pollination in isolation with a large population size (>10,000), the inbreeding coefficient of Cycle 0 was assumed to be 0. Subsequent cycles were recombined via sib-mating with about N = 100 individuals in each cycle. The inbreeding coefficient, F, of cycle eight of the TROPHY Low Moisture composite was estimated as follows: Falconer and MacKay, 1996; Hallauer and Miranda, 1986) . A f AB matrix was developed for all 188 inbred lines and founders (Supplemental Table S3 ).
Pedigree-Molecular comparison
Orthogonal Procrustes analysis (Gower and Dijksterhuis, 2004) was used to obtain a quantitative measure of agreement between pedigree and molecular estimates of relationship, including a measure of fit for individual lines or founders. Given two n  p matrices, X 1 and X 2 , orthogonal Procrustes analysis is used to align the two matrices in p-dimensional space, after applying the necessary rotation and scaling, such that the sum of squared distances, or Procrustes residual (PR 2 ), between the points in X 1 and X 2 is minimized. For our application of Procrustes analysis, X 1 is the coancestry matrix derived from pedigrees and X 2 is the Jaccard's similarity matrix derived from SNP marker data. Each matrix is n  n, where n = 169 is the number of inbred lines and founders for which we had both pedigree and genotypic data. The Procrustes residual is given algebraically as:
where s is a scaling factor and Q is an orthogonal transformation matrix (Gower and Dijksterhuis, 2004) . Before performing the analysis, X 1 and X 2 were centered (via principal components analysis, PCA). For molecular data, PCA was performed on a Jaccard's similarity matrix to minimize effects of missing values. A vector of PR 2 attributable to each line or founder was obtained from the diagonal elements of (sX 1 Q − X 2 ) T (sX 1 Q − X 2 ). Procrustes analysis was implemented in SAS interactive matrix language (IML) using orthogonal Procrustes solutions as outlined by Gower and Dijksterhuis (2004) ; the IML code is given in Supplemental Material SA.
Agreement between pedigree records and molecular genotyping was also assessed via Pearson's correlation and simple regression of f AB on the Jaccard's similarity coefficient. There were 14196 = n(n − 1)/2 observations included in these analyses where n = 169.
Parent-offspring Allelic inheritance
Where an NCSU line (offspring) and both of its inbred parents were genotyped, we can determine allelic inheritance and detect segregation distortion by tracing alleles from parents to offspring. If the two parents have contrasting alleles at a SNP locus, then the offspring allele can be attributed to the parent with which it matches. The allelic contribution of P i to the offspring can be calculated as the proportion of the loci for which P 1 and P 2 have contrasting alleles that are shared with the offspring. We can test for significant deviations in parentoffspring contribution from the expectation ( f AB ) using the probability function for a binomial distribution, which is given as follows (Wackerly et al., 2002) :
where n is the number of loci for which P 1 and P 2 have contrasting alleles; y is the number of loci, out of n, for which the offspring and P i have the same allele; p is P Off i f ( f AB between the offspring and P i ); and q = (1 − p) = '
( f AB between the offspring and the other parent, P i' ). Only loci for which P 1 and P 2 have contrasting alleles were considered. Many NCSU lines
Genotyping
Genotyping was performed using the Illumina GoldenGate high throughput assay (Fan et al., 2003) on 768 biallelic SNP markers as reported by Nelson et al. (2008) . Rousselle et al. (2015) compare SNP subsets of 384, 768, 1536, and 3072 to a full set of 26,874 and report correlations for pairwise distances estimated using the full set and the subsets were R 2 = 0.95 (384 subset), R 2 = 0.98 (768 and 1536 subsets). and R 2 = 0.99 (3072 subset). The markers were made available by DuPont Pioneer and are described in detail by Jones et al. (2009) . Data for 136 markers were not used because of questionable genotyping. The mean proportion of missing data per sample genotyped was 8.37% with a median of 5.0%. The following lines had a high proportion of missing data (~50%) but were retained for analysis: NC244, NC278A, NC304, and NC404. Inbred NC260 had a high proportion of heterozygous allele calls (27.5%), which were assumed to be erroneous and were set to missing values so that the total proportion of missing data for this line was 54.4%. In addition, the Mo44 that was genotyped may be different from the Mo44 used to develop NC260, as there were several versions of MM2217, the code for Mo44 before it was released, in the program at the time. For each inbred and founder, plant tissue was collected from eight plants and bulked for DNA extraction, which was performed using the CTAB method. However, for the SNP assay used, bulked tissue for noninbred genotypes is far from ideal, as it can introduce variation in scoring (W.C. Chu, DuPont Pioneer, personal communication, 2007).
cluster Analysis
Three procedures for clustering were used: (i) unweighted pair-group using arithmetic averages (UPGMA; Sokal and Michener, 1958; Rohlf, 1963) , (ii) principal coordinate analysis (Gower, 1966) , and (iii) model-based clustering (Pritchard et al., 2000) . Each was performed on the marker data and UPGMA clustering was also performed on the pedigreederived f AB matrix. The UPGMA analysis was implemented with NTSYSpc 2.2 (Rohlf, 2007) . For the genotypic data, a matrix of Jaccard's similarity coefficients was used ( Jaccard, 1908) ; the Jaccard's similarity matrix is given in Supplemental Table S4 . Dendrograms, generated in NTSYSpc 2.2, were used to display UPGMA results. Principal coordinate analysis was implemented in NTSYSpc 2.2 on a matrix of Jaccard's distances, D J = 1 − J, where J is Jaccard's similarity coefficient.
Model-based clustering with genotypic data was done in Structure 2.2.3 (Pritchard et al., 2000) . Duplicate entries were not included in this analysis. The program was run with user-defined population numbers, K, ranging from 4 to 18. An optimal value for K was determined by model likelihoods in conjunction with a priori understanding of population structure across the NCSU maize inbreds and founders. Initial runs were done with burn-in set to 100,000 and replication cycles set to 200,000 and repeated three times for each value of K. After narrowing the range of K values, burn-in and replication cycles were increased to 500,000 each, and the analysis was repeated five times at each value of K. Final results were obtained by averaging across two repeated runs with the optimal population grouping. Supplemental Table S5 gives model-based clusteringderived background assignments in each of K = 10 backgrounds for each of the 170 lines and founders included.
were derived from crosses where one or both parents were not completely inbred, thus 1 2 P Off P Off 1 f f + < . However, to minimize bias in binomial tests involving these lines, pairs were only included if
If P 1 and P 2 have the same allele at a locus but the offspring has a contrasting allele, then we assume that there was an error in genotyping or scoring. The frequency at which this occurs provides a measure of error on an individual allele basis. This assumes that the effects of mutation are negligible and that outcrossing would be obvious across numerous loci and easily identified. This also assumes that there was no difference between the genotyped plants and the plant that was used to make the actual breeding cross, which could occur if the parental source is still segregating at one or more loci. The presence of genotypic variation among different sources of the same inbred has been illustrated by Gethi et al. (2002) , and two lines in this study, Mo44 and SC76, may well fall into that category; it is unclear from the records that the source of either inbred was (i) the same as the source that was used herein or (ii) completely inbred at the time of the it was used in the breeding process.
Genetic diversity
Genetic diversity among NCSU maize inbreds was assessed as described by Nelson et al. (2008) . For this analysis, marker data for NCSU maize inbreds and founders were merged with ex-PVPA maize inbred data from Nelson et al. (2008) using the same 614 markers. Seven subsets of lines were compared: five subsets of ex-PVPA inbreds divided by PVPA applicant, one subset of well-known public inbreds, and the NCSU maize inbreds were the final subset. Six measures of genetic diversity were used to compare these subsets: average gene diversity per locus, average Jaccard's distance between lines, average allele number per locus, number of unique alleles in a subset where an allele is considered unique if it is present in only the given subset, the number of absent alleles in a subset where an allele is considered absent if it is present in all subsets except the given subset, and the total number of absent alleles where an allele is considered absent if it is present in at least one subset but not in the given subset . Because estimates of average allele number, unique alleles, absent alleles, and total absent alleles are influenced by the number of lines in the subset, a resampling technique was used to eliminate the effect of sample size. From each of the seven subsets, 5000 random samples were made, 13 lines at a time (the number of lines in the smallest subset), and measures of genetic diversity for each subset were determined by averaging over sample replications (Lu and Bernardo, 2001) .
results uPGMA clustering
Unweighted pair-group using arithmetic averages clustering from coefficients of coancestry ( f AB ) reveals the breeding structure behind the NCSU maize breeding program (Table 1 ii. The TAAT (Supplemental Fig. S2 ) primarily traces to the following seven double-cross tropical hybrids: Agroceres 155, Agroceres 504, H5, H101, Pioneer X105A, Pioneer X304A, and Pioneer X306B (Supplemental Table S2 ). These hybrids were used in various combinations and are present in the pedigrees of 86 NCSU lines. The TROPHY (tropical hybrid) synthetics were formed by intermating descendants of intercrosses among the seven double-cross tropical hybrids. The first generation TROPHY derivatives were studied by Holley (1986) . The TROPHY Low Moisture Composite was initiated by William Hill (Hawbaker et al., 1997) and subjected to eight cycles of selection from 1984 to Fig. S3 ) is from B37 and B73. B37 is a parent of NC250 (Nigerian Composite ARb  B37 2 ), and NC250 and B73 were used as parents in the development of 24 NCSU lines, many of which were derived through backcrosses to B73. NC250 confers resistance to southern leaf blight (Bipolaris maydis) and gray leaf spot (Cercospora zeae-maydis), while B73 provides superior combining ability for yield. B73 was also used in combination with Pa91 in the development of eight NCSU lines having the pedigree B73 3  Pa91 that exhibit the superior agronomic characteristics of B73 and seed quality and general health of Pa91. Breeding within the Stiff Stalk germplasm pool was initiated by D.L. Thompson in collaboration with R.R. Bergquist, although most line releases were made after Thompson's retirement. 7. Stiff Stalk: includes B73 derivatives in combinations with NC250 and Pa91.
v. The Southern non-Stiff Stalk germplasm pool (Supplemental Fig. S4 ) is comprised primarily of 10 NCSU lines that were derived from SC76 in combination with B52 or Gaspé Flint, with multiple backcrosses to SC76. The B52  SC76 4 lines were selfed out of populations that were started by Dr. Al Manwiller at the Pee Dee Experiment Station in South Carolina and all share the same BC 2 parent; B52 was used as a source of viral resistance (D.L. Thompson, personal communication, 1984) . Two GT112 derivatives, NC246 and NC248, fit loosely into the Southern non-Stiff-Stalk pool, although they have no relationship with SC76 or B52. 8. Southern non-Stiff Stalks: SC76 backcrosses. 9. GT112 through GT112 derived NCSU lines, NC246 and NC248.
Founders are generally scattered among and around these groups. There are several other small clusters that are outside of the aforementioned groups but worth mentioning: NC472 and NC474 (two of the rare Tropical  Stiff Stalk derived lines); Florida Synthetic with NC366 and NC378 (both of which have Florida Synthetic in their backgrounds); and Mo22, Mo44, and NC260 (Mo22 is a founder of Mo44, and the background of NC260 is mostly Mo44).
A UPGMA dendrogram (Fig. 2) based on SNP markers is remarkably similar to the dendrogram from pedigrees, producing the same nine germplasm groups. There are some minor rearrangements. NC258, NC258A, and NC344 are in the NC258  NC296 group rather than with the other Lancaster lines. NC300 and NC340 are removed from the rest of the TAAT inbreds and cluster with NC416, which is derived from the cross of a sister line of NC300 with NC262A.
Model-based clustering
In model-based clustering, an optimal population structure was obtained with K = 10 populations. A bar plot of proportional background assignment on an individual basis is shown in Fig. 3 , where each of the 10 backgrounds is represented by a different color. The bar plot is aligned with the marker-derived dendrogram in Fig.  2 , and tabular results are given in Supplemental Table 5 . The 10 model-based clustering backgrounds fit within the context of the five aforementioned primary germplasm pools, with the addition of a mixed background, which includes various founders and otherwise distinct samples. The 10 backgrounds (numbers 1-10, below) are defined in the context of the five primary germplasm pools (numerals i-v, below). The background contribution attributed to each of the five pools is given as a proportion of the total NCSU maize breeding germplasm background and is shown in parenthesis:
i. Lancaster (12%).
1. NC258: NC258 and its sister lines are the defining lines in this background. Many lines with >50% assignment in this background are NC258  NC296 derivatives. This background has considerable overlap with the NC296 background and some overlap with the NC262(A)  Tropical background. ii. TAAT (27%) 2. NC296-type: NC296 and NC296-sister lines are the defining lines in this background. Approximately 40% of the NC296 background comes through lines of NC258  NC296 derivation, and this background accounts for over 15% of the total NCSU germplasm background. 3. NC300-type: NC300, NC340, NC400, and NC464 are the defining lines in this background. The NC300-type background represents around 7% of the total NCSU maize breeding germplasm background. 4. TROPHY: the defining lines in the background are four of the seven TROPHY Low Moisture composite-derived inbred lines. The other three TROPHY-derived lines (NC358, NC392, and NC394) have TROPHY background proportions ranging from 6 to 23%. NC508 and NC510, which are of TROPHY  NC296 derivation, also show a high TROPHY background proportion. The TROPHY background accounts for ~4% of the total NCSU maize breeding germplasm background.
iii. Lancaster  Tropical (13%) 5. NC262(A)  Tropical: NC262, NC262A, and their derivatives from crosses to tropical materials are the defining lines in this background. It is a rather distinct background, with 86% of its membership coming from NC262, NC262 sister lines, or lines with NC262 or NC262A in their pedigree. This background encompasses most of clusters (2) and (7) from UPGMA clustering (Fig. 2) . 
Principal coordinate Analysis
Principal coordinate analysis based on the Jaccard's distance matrix shows the same general clustering patterns as UPGMA and model-based clustering. The first three principal coordinates (PCs) account for 40% of the total squared distances (Lef kovitch, 1976) , and the first seven PCs account 56% of the total squared distances (Supplemental Fig. S5 ). Results from model-based clustering were used to aid in the interpretation of the various PCs.
Pearson correlations between the first eight PCs and the genetic backgrounds from model-based clustering are provided in Supplemental Table S6 . Where such correlations are highly significant, clusters can generally be found in the corresponding scatter plots. For instance, correlations between PC1 and the two Stiff-stalk backgrounds, B73 backcross and NC250  B73, are highly significant (p < 0.001), and a scatter plot of PC1  PC2 reveals that B73 and the Stiff Stalk NCSU lines are highly differentiated from the remainder of the NCSU lines and founders along PC1 (Fig. 4) . The two Lancaster backgrounds, NC258 and NC262(A)  Tropical, have highly significant correlations with PC1 and PC2, and in Fig. 4 these backgrounds are differentiated along PC1 and lie at the negative extreme of PC2. The NC296 background is also significantly correlated with PC1 and PC2; NC296 and other TAAT lines lie at the positive extremes of these PCs. In Fig. 5 , the NC258, NC296, and NC262(A)  Tropical backgrounds all have highly significant correlations with PC3 and PC2. Again, the Lancaster and NC296 backgrounds are distinguished along PC2, but PC3 provides additional separation within these backgrounds. Along PC3, the NC296 background is separated from the NC300 background and other non-NC296 TAAT lines. The NC258  NC296 lines are separated from the Lancaster lines on the negative extreme of PC3, and the NC262  Tropical lines are separated toward the positive end of PC3. The Southern non-Stiff Stalk background is likewise clustered at the positive extreme of PC3 and has a highly significant positive correlation with PC3. The Stiff Stalk backgrounds are not significantly correlated with either PC2 or PC3, which agrees with their placement near the origin.
Pedigree-Molecular relationship comparison

Procrustes Analysis
Procrustes analysis was applied to the f AB matrix derived from pedigrees and the Jaccard's similarity matrix derived from molecular markers. The distribution of frequencies associated with these two matrices was quite different; the coancestry measures range from 0 to 1 and are heavily skewed toward f AB = 0, while the Jaccard's similarities range from 0.33 to 0.99 and are also skewed (Supplemental Fig. S6 ). Procrustes analysis on the f AB matrix and Jaccard's similarity matrix yields a PR 2 of 3639. values generally have minimal relationship to the rest of the lines. This is evidenced by the highly significant negative correlation, r = −0.59 (p < 0.0001), between individual PR 2 and average coefficient of coancestry. Thus, as an individual's relationship to other inbred lines and founders decreases, there is greater disagreement between the pedigree-derived coancestry and marker-derived similarity (Cox et al., 1985; Lynch, 1988; Bernardo, 1993) .
NC456 has the largest PR 2 value (122.0). This line was derived from a cross between two hybrids, Pioneer IJ100  Pioneer X304C, and is the only NCSU line with either of these parents in its pedigree. Pioneer X304C is a single cross that shares both of its parents with Pioneer X304A and one parent with Pioneer X306B (Supplemental Table S2 ), both of which are double-cross hybrids that were widely used in NCSU line development. Pioneer IJ100 was an experimental three-way hybrid believed to consist of three of the four parental lines of the doublecross hybrid Pioneer 507; none of the lines are known to be related to the ancestors of other NCSU lines. It appears that f AB underestimates the NC456 similarity with other NCSU lines and founders as evidenced by its high PR 2 . Also among inbreds and founders with largest PR 2 values are the noninbred founders Gaspé Flint (118.8) and
Nigerian Composite ARb (89.9) and several double-cross hybrids (e.g., AG504, PX105A, and H5). Most TRO-PHY-derived lines also have relatively large PR 2 values (e.g., NC392, NC394, and NC358). This is likely because calculations of f AB involving a synthetic population rely on multiple assumptions (Hallauer and Miranda, 1986 ) that are not always realized.
Procrustes analysis was helpful in identifying lines with erroneous pedigrees resulting from outcrossing or errors in record keeping. For example, in initial Procrustes analyses, C103 had the second largest PR 2 , which spurred investigation into the role of C103 as a founder. The primary source of C103 in the NCSU inbreds is TZ, the McNair 18 were thought to be derived from Coker 811A  C103 4 ( John Fletcher, former McNair-Northrup King maize breeder, personal communication, 1985) . However, this pedigree does not agree with the hand-written note signed by Alexander Fitzgerald on the original envelope of TZ kernels. On that basis, it appears that only one dose of C103, rather than four, is correct. When McNair 14 and McNair 18 pedigrees include only one dose of C103, the PR 2 for C103 decreases to 25th in rank order with a value of 33.9 (down from 115.3, third in rank order). Further, McNair 18 and C103 have a Jaccard's similarity of 0.59. In comparison, the Jaccard's similarity between B73 and Mo17 with their F 1 is 0.62 and 0.60, respectively, again suggesting a single dose of C103 in the McNair pedigrees.
Correlation and Regression
The Pearson's correlation between the Jaccard's similarities and f AB estimates is high, r = 0.90 (p < 0.001). Regressing f AB , x, on Jaccard's similarities, y, yields the model: y = 0.458 + 0.387x, R 2 = 0.81. By viewing a scatter plot of Jaccard's similarities by f AB (Fig. 6) , we can identify lines and founders that generally do not fit this model. For instance, the double-cross hybrid founders have a higher molecular similarity than would be expected from our f AB estimates. While the four inbred parents of most of these hybrids are known (Supplemental Table S2 ), their derivation is sometimes obscure and any prior relationships among them are not accounted for in the f AB estimates.
This agrees with results from Procrustes analysis where these founders generally had high PR 2 values.
Parent-offspring Allelic inheritance
Segregation Distortion Segregation distortion can be identified by tracking allele movement from parents to offspring, thus highlighting the effects of drift or selection. For instance, NC386 was derived from NC258  NC296 and, therefore, f AB between NC386 and each of its parents is 0.50; we would expect that 50% of the alleles in NC386 came from NC258 and 50% came from NC296. However, among loci for which NC258 and NC296 possess contrasting alleles, 42% of the NC386 alleles are from NC258 and 58% are from NC296. Based on the binomial probability distribution, these values are significantly different from the expectation of 50%, that is, selection or drift during the inbreeding process in the development of NC386 has caused segregation distortion that favors alleles from NC296. Table  3 shows 60 NCSU lines that readily lend themselves to testing for segregation distortion. Of the 60 lines tested, significant (p < 0.01) segregation distortion was detected in 34 cases. Thirty-three were derived through one to five backcrosses, and in these cases the donor parent is favored 21 times, the recurrent parent is favored only four times, and there is no significant difference eight times. Here, segregation distortion is likely caused by selective advantage for alleles associated with traits of interest from the donor parent. As the number of donor parent loci under selection increases, either as a result of selection on multiple traits or on quantitatively inherited traits, and as the recombination frequency around those loci decreases, the incidence of segregation distortion will likely increase.
Estimation of Genotyping Error
Assuming that the effects of mutation are negligible and that the effects of outcrossing or an otherwise erroneous pedigree would be manifested at many loci, inbred offspring should also share the same genotype as their inbred parents, and any differences in alleles can be attributed to errors in genotyping, either in one parent or the offspring. Table 3 includes estimates of error rates of this type, where the offspring possesses a nonparental genotype; estimates range from 0.00 to 0.13, with a mean of 0.04 and median value of 0.03. While only six comparisons of the same lines from different sources were genotyped in the same lab, the average Jacquard distance between them was 0.02; eight such comparisons are available for lines genotyped in different labs (DuPont Pioneer and the Edward Buckler lab, Cornell University, Ithaca, NY) and the corresponding average was 0.08; sixteen such comparisons were available for identical samples in the DuPont Pioneer lab, where the average was 0.00 (Supplemental Table S7 ). This estimate of error would be biased if the plants that were genotyped were not genetically identical to the true parent that was used in making the breeding cross, and SC76 and Mo44 are particularly suspect as variants of both existed within the breeding programs from which they emerged. Of the 12 cases with error rates of 0.08 or higher, nine involve B52  SC76 crosses. There were multiple versions of SC76 in Dr. Manwiller's breeding program, and it is likely that the SC76 on hand today differs from the SC76 used in the crosses. The others, A632, PH207, and Oh43, or related lines, are completely absent from released NCSU lines.
conclusions
Much of the germplasm in the NCSU maize breeding program is all or partially tropical in origin but has been adapted to temperate environments. Maize breeders have advocated working with tropical germplasm for years (Brown, 1953 (Brown, , 1975 Goodman, 1992 Goodman, , 2004 Melhus, 1948; Wellhausen, 1956 Wellhausen, , 1965 , but there are significant adaptation obstacles to overcome when doing so. The NCSU maize inbreds are adapted to southern United States day length and growing conditions and could be moved into the Corn Belt more readily than most unadapted, tropical germplasm. Additionally, they have been tested and released based on superior performance for topcross yield and other traits of agronomic importance. The NCSU maize inbreds are, therefore, worth consideration as a source of genetic diversity for US Corn Belt maize breeding.
Genetic Diversity
The first three measures of diversity in Table 4 concern within-subset genetic diversity, and by these measures, NCSU maize inbreds are virtually no more or less diverse than any of the other groups. However, when compared against the other subsets via unique, absent, and total absent alleles, NCSU maize inbreds are more distinct. The NCSU maize breeding germplasm includes some diverse genetic backgrounds, as evidenced by the number of unique alleles. These unique alleles could represent useful sources of resistance to particular diseases or improved stress tolerance that were derived from the tropical germplasm present in the background of many of the NCSU lines. The NCSU maize breeding germplasm also lacks representation from other genetic backgrounds that are common in temperate breeding programs, as evidenced by the number of absent alleles. For instance, of the six prominent inbred lines discussed by Nelson et al. (2008) , only one, B73, has been used extensively in NCSU line development. Two other key progenitors, B37 and Mo17, have also been used but only as direct parents in three NCSU lines and in all cases in backcrossing. .04 † Proportion of the offspring genotype that is attributed to Parent 1 (P 1 ) or Parent 2 (P 2 ). ‡ Probability that realized parent-offspring similarity is equal to the expectation based on a binomial probability test. § If a parent is more similar to the offspring than expected, as determined at  = 0.01, then that parent is considered the favored parent. ¶ Proportion of alleles in the offspring that did not originate from either parent. This value is attributed to error in genotyping and scoring. # Total number of alleles that are absent in a given subset but present in at least one other subset. † † Novartis is significantly different from DEKALB at  = 0.05 and Holden's, NCSU, and Public at  = 0.01. ‡ ‡ Novartis is significantly different from DEKALB and Public at  = 0.01.
